Abstract myo-Inositol operon of Clostridium perfringens strain 13 consists of 13 genes with an upstream divergent regulator, iolR. Transcriptional analysis showed three separate transcripts for the operon of 15.6, 4.6 and 2.0 kb in length. iolR mutation studies showed that IolR is a negative regulator of the operon at transcriptional level. All the transcripts were induced by myo-Inositol in dose-and time-dependent manner. Glucose repressed the expression of all the transcripts of myo-Inositol operon. We also found that the operon was positively regulated by the two-component VirR/VirS system both in the presence and absence of myo-Inositol. This study shows that the global regulatory VirR/VirS system controls the expression of genes related to energy production (e.g. myo-Inositol operon) in addition to the virulence genes of C. perfringens strain 13.
Introduction
myo-Inositol, one of the nine isomers of the group inositols, which belongs to 'cyclitols', is most abundant in nature, especially in soil. Many soil and plant bacteria including Bacillus subtilis [1] , Klebsiella aerogenes [2] , and Cryptococcus melibiosum [3] has been reported to use myo-Inositol as sole carbon source. Bacterial inositol catabolism has been extensively studied in K. aerogenes [2, [4] [5] [6] in which the specific enzymes involved in the myo-Inositol catabolic pathway has been identified and characterized. Inositol catabolism is important for utilization of myo-Inositol in bacteria. Inositol dehydrogenase, the enzyme involved in the first reaction of myo-Inositol catabolism, is also required for efficient nitrogen fixation and competitiveness to nodulate soy beans in Sinorhizobium fredii [7] .
The completion of whole genome sequencing revealed the presence of myo-Inositol operon in two Gram-positive anaerobic pathogen, Clostridium perfringens strain 13 [8] and Clostridium tetani E88 [9] . In C. perfringens, myo-Inositol operon consists of 13 genes, the products of which are believed to be involved in myo-Inositol catabolism.
Here, we analyzed the organization and transcriptional regulation of the myo-Inositol operon in C. perfringens.
Materials and methods

Strains, media and culture conditions
Clostridium perfringens strains 13 [10] , TS 133 [11] , iolR mutant and their derivatives were cultured in GAM (or in 2Â YT medium, when specified) with appropriate antibiotics at 37°C under anaerobic conditions, as described previously [11] .
Northern and Southern hybridization
Total RNA from C. perfringens was prepared as described previously [11] . Northern analysis was performed according to the method described elsewhere [12] and signals were detected by CDPstar chemiluminescence (Amersham Pharmacia Biotech). Southern hybridization was also performed using the same labeling and detection techniques. PCR amplified probes were used and were labeled with an AlkPhos-Direct kit (Amersham Pharmacia Biotech).
Construction of iolR mutant
An internal 0.45 kb fragment from iolR was amplified by PCR with appropriate primer set using chromosomal DNA as template and was cloned into HincII site of pUC118 (TaKaRa) and resultant plasmid was transformed into Escherichia coli DH5a competent cells. Erythromycin resistant determinant (ermBP) was introduced into the plasmid and the orientation of fragments was confirmed. The resultant plasmid was transformed into C. perfringens strain 13 by electroporation and the single-crossing-over iolR mutants were selected on BHI-Sheep blood agar plate containing erythromycin (50 lg/ml) and the insertion mutation was confirmed by Southern-blot analysis.
Primer extension analyses
Primer extension experiments were done as described previously [13] using a 5 0 -oligolabelling fluorescein kit (Amersham Bioscience) and primer extension system (Promega). Synthetic oligonucleotide primers (iolR-PE,
0 , and CPE 0094-PE, 5 0 -GCATTTATTCTCCTTTATTTATATATATTAT GT-3 0 ) were used to determine the transcription start site of the transcripts detected in Northern-blot analysis. Signals were detected using a FluorImager image analyzer (Amersham Bioscience).
Results and discussion
3.1. Organization of myo-Inositol operon in C. perfringens strain 13 myo-Inositol operon in C. perfringens is 15.6 kb long and consists of 13 genes with an upstream divergent regulator, iolR (Table 1 ) [8] . Unlike B. subtilis, myoInositol operon in C. perfringens produced three transcripts, which are 15.6 kb (whole length), 4.6 and 2.0 kb in length, and all are induced by myo-Inositol ( Fig. 1(a) ).
The iolR produced a transcript of 0.7 kb long which was also induced by myo-Inositol. Addition of myo-Inositol did not affect the growth speed and toxin production of C. perfringens (data not shown). The presence of 13 genes in the operon suggests that many specific steps are required in inositol catabolism before the end product enters into the common pathway. To know the putative functions of the gene products of the operon, we searched database for homology to known protein using BLAST-P program [14] and the result is presented in Table 1 . myo-Inositol catabolic pathway has been wellstudied only in K. aerogenes [2, [4] [5] [6] . In B. subtilis, a Gram-positive soil bacteria, where the myo-Inositol catabolic pathway has been proposed assuming that it is similar to that of K. aerogenes, we also proposed the putative pathway of myo-Inositol catabolism in C. perfringens assigning the probable gene products as enzymes at specific reaction steps ( Fig. 1(b) ).
An important characteristic of myo-Inositol operon of C. perfringens is the presence of two genes (CPE 0090 and CPE0093) encoding myo-Inositol 2-dehydrogenase, the enzyme required for the first step of myo-Inositol catabolism. Except for C. tetani [9] , myo-Inositol operon in other bacteria has only one gene encoding this enzyme. Sequence analyses of these two genes, CPE 0090 and CPE 0093, having 335 and 349 amino acids respectively, revealed that both proteins possess an NAD (H)-binding motif (GXGXXG) at its N-terminal, which has been proposed to form a bab fold involved in binding the ADP moiety of NAD(H) in dehydrogenase [15] . The presence of two genes for this enzyme could essentially accelerate the rate of conversion of myoInositol to 2-keto myo-Inositol ( Fig. 1(b) ). The presence of a distinct, strongly expressed 2.0 kb transcript (CPE 0090 and CPE 0091), specific for C. perfringens, might support this hypothesis.
Unique to C. perfringens is the presence of last four genes of the operon that are absent in myo-Inositol operon of other bacteria including B. subtilis [1] and C. tetani E88 [9] . Besides being co-transcribed with the genes as a single, long transcript, these four genes also give rise to a separate, 4.6 kb transcript which has not been reported in other bacteria. In C. perfringens, the products of these four genes may not be directly involved in myo-Inositol catabolism but are thought to be involved in fermentation, presumably coupling the entry and metabolism of myo-Inositol catabolic end product, acetyl coenzyme A and dihydroxy acetone phosphate (DHA), through fermentation to yield energy ( Fig. 1(b) ).
3.2. iolR is a negative regulatory gene for myo-Inositol operon iolR, which was divergently oriented, upstream of the operon was identified. The deduced IolR protein has a significant homology to IolR of B. subtilis and C. tetani (Table 1) . To elucidate the role of iolR gene, we constructed an iolR mutant by a single crossing over event.
The iolR mutant had constitutive expression of the myoInositol operon both in the presence or absence of myoInositol in the culture medium, whereas in the wild-type, the operon was expressed after 1 h of addition of myoInositol ( Fig. 2(a) ). This result indicates that the iolR gene is a negative regulator of the myo-Inositol operon at transcriptional level as has been reported in B. subtilis [1] . However, transcription of iolR was induced by myoInositol ( Fig. 1(a) ), which was also seen in B. subtilis [1] .
We could not explain why the myo-Inositol operon is induced under the condition in which its negative regulator gene is also induced. Probably, complex repressor-substrate interactions may be involved in the regulation.
myo-Inositol is the inducer of the myo-Inositol operon
To investigate the effect of myo-Inositol on the expression of the operon, we added various concentrations of myo-Inositol into the culture medium and total RNA was prepared which was subjected to Northern-blot analysis ( Fig. 2(b) ). The rate of transcription of myoInositol operon increased with time and with the increasing concentration of myo-Inositol in the medium. This finding indicates that the expression of the operon is both dose-and time-dependent. Since we used only myo-Inositol to check the induction of the operon, we could not conclude whether myo-Inositol itself or any of its degraded products are directly responsible for induction of myo-Inositol operon. This question remains to be answered also in other bacteria possessing myoInositol operon [16] . Further experiments are necessary to identify the actual inducer of the myo-Inositol operon in these bacteria. myo-Inositol is used by bacteria as an alternative carbon source in the absence of glucose. To unravel the role of glucose on expression of myo-Inositol operon, we added myo-Inositol in the medium to induce the expression of the operon for 1 h, and then we added glucose in the culture. Glucose completely repressed the myo-Inositol operon transcription when its concentration was either equal or more than the myo-Inositol concentration in the medium (data not shown).
Transcriptional regulation of myo-Inositol operon by the VirR/VirS system
The two-component VirR/VirS signal transduction system of C. perfringens has been reported to regulate many toxin genes including alpha toxin (plc), kappa toxin (colA) and theta toxin (pfoA) genes [17] . We investigated whether VirR/VirS system is involved in transcriptional regulation of myo-Inositol operon. Northern-blot analysis was done with total RNA pre- pared from wild-type strain 13 with pJIR418 vector, the virR mutant strain TS133 with pJIR418 [11] and TS133 with pBT405 (virR þ /virS þ ). In the presence of 10 mM myo-Inositol in the medium, the transcription of the myo-Inositol operon significantly decreased in TS133 (pJIR418) in comparison to both wild-type and the complemented strains (Fig. 3) . This finding indicates that the myo-Inositol operon is positively regulated by the VirR/VirS system at transcriptional level. Recent DNA microarray experiments showed that the VirR/ VirS system controls the myo-Inositol operon through the secondary regulator, VR-RNA reported previously [12] (T. Shimizu, unpublished results), indicating that VR-RNA is involved in the regulation directly or indirectly. C. perfringens is unique in the sense that so far myo-Inositol operon in other bacteria has not been reported to be regulated by this kind of global regulatory system. More importantly, to our knowledge, this is the first report to show that the genes for energy production in C. perfringens is regulated by the VirR/VirS system which has been implicated in virulence and pathogenesis [11] [12] [13] 18] . However, myo-Inositol had no effect on the production of toxins (data not shown), suggesting that myo-Inositol is not a direct signal for the VirS sensor protein. Moreover, there might be other regulatory systems that play important roles on the energy production in C. perfringens, since the VirR/VirS system affected the expression of the myo-Inositol operon mainly after 2-h incubation (Fig. 3) . Further experiments should be required to elucidate the precise mechanism of the regulation of myo-Inositol operon in C. perfringens.
Identification and analysis of the promoter regions of transcripts of myo-Inositol operon
In order to identify the promoter regions of the myo-Inositol operon and its negative regulator, iolR, we carried out primer extension experiments (Fig. 4(a) ). Putative promoter sequences ()35 and )10) in the upstream regions of the mRNA start sites were identified (Fig. 4(b) ). Repeated primer extension experiments for some bands detected by Northern-blot analysis did not reveal any mRNA start site, so we concluded that those bands might be nonspecific and could be the products of either degraded or truncated Fig. 2 . Northern-blot analyses. Bacteria were cultured in 2Â YT medium with appropriate antibiotics at 37°C under anaerobic condition. Total RNA was prepared and 15 lg of total RNA was run on 0.8% agarose gel and was detected by Northern blot. (a) Wild-type strain 13 (lane 1) and iolR mutant strain (lane 2) were cultured for 2 h and total RNA was prepared (0 min), and then culture was divided into two sets. 10 mM myo-Inositol was added in one set (+) but not in other set ()), and total RNA was prepared after 30 min and 60 min. (b) Wild-type strain 13 was cultured for 3 h and then myo-Inositol was added at different concentrations into the medium and total RNA was prepared after 1 and 2 h for Northern-blot analyses. Fig. 3 . Northern-blot analyses of virR/virS mutant. All strains were cultured in GAM for 2 h and then 10 mM myo-Inositol was added in the culture, and after 1 and 2 h, total RNA was prepared. 15 lmg of total RNA was used for 0.8% agarose gel electrophoresis and then Northern detection. Lanes: a, strain 13 (pJIR418); b, TS133 (pJIR418)(virR/virS À ); and c, TS133 (pBT405) (virR
transcripts of others. The mRNA start sites of the iolR (CPE 0084), CPE 0085, CPE 0090 and CPE 0094 were located 25, 55, 75, and 110 bases upstream respectively, from the putative start codon (Fig. 4(b) ). The deduced promoter region of CPE 0085, iolR and CPE 0094 showed resemblance with a consensus promoter sequence which is recognized by major sigma factor, r 70 of E. coli and r A of B. subtilis [19] . However, the predicted promoter region for CPE 0090 (GAGAAC and GCCGCT) showed GC rich sequences in both )35 and )10 regions, indicating that this promoter is most probably recognized by alternative sigma factors as has been reported in B. subtilis [19, 20] , though a universal consensus sequence for all alternative sigma factors has not been reported. No other significant sequence similarity could be detected across the promoter regions of these four transcripts.
Here, we reported the organization and transcriptional regulation of myo-Inositol operon in C. perfringens strain 13. Though this operon has been studied in other soil and plant bacteria, myo-Inositol operon in C. perfringens revealed some distinctive features not present in other bacteria: (1) it consists of 13 genes with 15.6 kb length, the longest operon of its kind reported in other bacteria; (2) the operon transcribes to three separate transcripts of different lengths including a full length transcript; (3) it contains two genes which are considered to encode myo-Inositol 2-dehydrogenase; (4) the last four genes of the operon (not included in myo-Inositol operon of other bacteria including B. subtilis and C. tetani), were also transcribed as a separate transcript along with full-length transcript. Fig. 4 . (a) Primer extension studies of the transcripts of the myo-Inositol operon and its negative regulator, iolR, in C. perfringens. The primer extension products were electrophoresed on the sequencing gels together with sequencing reactions using the same primers against appropriate PCR templates. The extended products are shown with arrows, and the mRNA start sites are indicated by bold face letters. Studies were carried out using total RNA prepared after 2 h culture in GAM ()) and 1 h after addition of 10 mM myo-Inositol (+). Repeated primer extension experiments failed to show clear ladder sequences for CPE 0094-0097, so ladder sequences of CPE 0090-0091 was used as an adapter (I) to locate the start site of mRNA transcript of CPE 0094-0097 (II). (b) Deduced promoter regions of the transcripts of myo-Inositol operon and its regulator, iolR. The deduced )35 and )10 promoter sequences are underlined.
